This information is current as of 29 December 2011.
INTRODUCTION
In eukaryotes, chromosome segregation depends on major structural and physiological changes in the dividing cell. These include centrosome maturation, chromosome condensation, assembly of a bipolar spindle, and biorientation of all chromosomes on the spindle through the formation of microtubule-kinetochore attachments. Sister chromatids are only separated from each other once all of these events have been completed, and cytokinesis is only initiated once the sister chromatids are approaching the opposite spindle poles. Errors in any of these processes or their temporal order can lead to chromosome missegregation, an event that is thought to contribute to the evolution of malignant tumor cells and, when it occurs in human oocytes, is the cause of Down syndrome (trisomy 21), a common human congenital disorder.
The molecular events that lead to chromosome segregation are mediated by numerous proteins. Most of these do not function in isolation but as multiprotein complexes, sometimes called "molecular machines" (1, 2) . The properties of these machines are to a large part determined by the inherent properties of their subunits. For example, the ability of microtubules to assemble into bipolar spindles is primarily due to the physicochemical properties of their a-and b-tubulin subunits (3) . However, the precise control of the chromosome segregation "machinery" in space and time depends on numerous regulatory proteins. Most of these are enzymes that do not mediate chromosome segregation per se, but regulate these events indirectly by controlling the activities and locations of protein complexes with direct roles in chromosome segregation. Well-known regulators of chromosome segregation are cyclindependent kinase 1 (CDK1) (4), the Aurora kinases A and B (AURKA and AURKB), Polo-like kinase 1 (PLK1) (5) , and the ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C) (6) . Activation of CDK1 leads to mitotic entry with concomitant activation of AURKA, AURKB, and PLK1 and, together, these kinases initiate the numerous events required for chromosome segregation. For example, CDK1 and AURKB are thought to confer rigidity to mitotic chromosomes by promoting the binding of condensin complexes to DNA, PLK1 and AURKB mediate the partial separation of sister chromatids by triggering the dissociation of cohesin complexes from chromosome arms, and all of these kinases are important for spindle assembly. The APC/C is essential for subsequent separation of sister chromatids and exit from mitosis. Precocious activation of the APC/C is prevented by a surveillance mechanism known as the spindle assembly checkpoint (SAC) (7) , which inhibits the APC/C until all chromosomes have been properly bi-oriented. Once biorientation has been achieved, the SAC is inactivated. This enables the APC/C to initiate sister chromatid separation by activating separase, a protease that destroys sister chromatid cohesion by cleaving residual cohesin complexes on chromosomes. Both the chromosome segregation machinery and its regulatory enzymes are therefore essential for proper chromosome segregation.
Although chromosome segregation has long been known to depend on the ability of mitotic kinases to phosphorylate other proteins, it is poorly understood what the substrates of these enzymes are. Numerous large-scale mass spectrometric studies have, therefore, searched for proteins that are specifically phosphorylated during mitosis (8) (9) (10) (11) (12) (13) . These experiments have identified thousands of mitotic phosphorylation sites, but in most cases, it has not been determined which of these sites are generated by which kinase. Furthermore, none of these largescale studies has systematically addressed how protein kinases target protein complexes. Therefore, we have used information obtained by the MitoCheck project (14) to identify mitotic phosphorylation sites on more than 100 purified human mitotic protein complexes. With the help of an algorithm refined for the detection of major mitotic kinase motifs (15) , we predicted which phosphorylation sites are targeted by which kinase. To further explore these kinase dependencies for a subset of mitotic complexes, we used small-molecule inhibitors of AURKB [Hesperadin; (16) ] and PLK1 (BI 4834; this study) in conjunction with tandem affinity protein purification and mass spectrometry (MS) with high sequence coverage (on average, 77% for bait proteins and their main interactors). We generated a set of phosphorylationspecific antibodies that directly confirmed that the generation of phosphorylation sites on these complexes depends on these kinases. Our results show that although most protein complexes required for chromosome segregation are phosphorylated on several complex subunits, in many cases one or two subunits are "hyperphosphorylated," meaning that an unusually high number of phosphorylation sites exist on these proteins, and thus, these proteins might serve as "phosphate acceptors" for the phosphoregulation of the respective complex. Of the detected phosphorylation sites, we found that many were targeted by mitosisspecific protein kinases, but a considerable fraction depended on kinases that have so far not been associated with mitosis. Using the PLK1 and AURKB inhibitors, we identified sets of phosphorylation sites that depended on either or both of these kinases, with most proteins having only one or two sites dependent on these kinases. One marked exception is the cohesin subunit wings apart-like (WAPAL), on which we found that most of the phosphorylation sites are PLK1-dependent. Comparison of the kinase-dependent sites with the Scansite consensus motifs led to the identification of several high-confidence candidate substrates for PLK1 and AURKB in the following complexes: the cohesin complex, the RZZ [kinetochore-associated protein 1 (KNTC1, also known as rough deal, ROD), zeste white 10 (ZW10), ZWILCH] complex, the nucleoporin 107 (NUP107)-nucleoporin 160 (NUP160) complex, and the mitotic checkpoint complex (MCC).
RESULTS

Analysis of 107 mitotic protein complexes for the presence of phosphorylation sites
We previously characterized the intracellular location and subunit composition of 107 human protein complexes with various functions in mitosis (Fig. 1A) (14) . Because numerous events in mitotic cells depend on mitotic protein kinases, we reasoned that many of these complexes might be phosphorylated during mitosis. To test this hypothesis and to establish a database of mitotic phosphorylation sites that in the future can be used for functional studies, we searched for phosphorylation sites in subunits of all of these complexes (Fig. 1B) . We first analyzed the MS data obtained for 1175 proteins that are components of these complexes (239 "bait" and 936 "prey" proteins) for the presence of phosphorylated peptides. All of these complexes were purified from HeLa cells arrested in mitosis (14) . By applying the phosphosearch algorithm included in the Mascot software (17) proteins (for a complete table of phosphorylated peptides and phosphorylation sites, see table S1 ). By using the Ascore algorithm (18), we could determine the precise position of the phosphorylated residue with a confidence above 95% (Ascore ≥13) for 1451 of these sites. Of these phosphorylation sites, 656 have not been previously reported in the public phosphorylation database PhosphoSitePlus (19) . The 1451 phosphorylation sites that we identified were found on different subunits of 89 of the 107 different protein complexes ( Fig. 2A) , suggesting that most protein complexes with mitotic functions may be regulated by phosphorylation. As an example, the distribution of phosphorylation sites among subunits of 10 complexes is shown in Fig. 2B (see Cytoscape file S1 and fig. S1 for all complexes and tables S1 and S2 for a detailed listing of all phosphosites).
To test whether subunits of a given protein complex are phosphorylated to a similar extent, we determined the phosphorylation site density by calculating the number of sites per 100 amino acids actually detected by MS for each protein. Whereas the median phosphorylation site density was 1.07 sites per 100 amino acids across the whole data set (1.07% of 63,568 amino acids covered), analysis of all 26 complexes with 4 to 20 members showed that in 17 of those (65%) a few subunits per complex had a phosphorylation site density more than two times higher than the median of the entire complex (Fig. 2B , table S2, Cytoscape file S1, and fig. S1 ). For example, most APC/C subunits had a phosphorylation site density between 0.25% and 1.74% (APC/C median, 1.02%), whereas CDC23, CDC26, and CDC27 had a phosphorylation site density of about 3% (3.04%, 2.99%, 3.29%, respectively). These findings suggest that phosphoregulation of many protein complexes might be mediated by few subunits that function as "phosphoacceptors" and receive most of the kinase regulatory signal and possibly transmit this to other subunits in the complex.
To understand which kinases might phosphorylate these protein complexes, we analyzed the phosphorylation sites by applying the Scansite algorithm (15, 20, 21) . Scansite uses position-specific scoring matrices (PSSMs) to predict which phosphorylation sites can be recognized by which of 32 different protein kinases. The PSSMs describe the relative preference of the kinases for residues upstream and downstream of the phosphorylation site as detected by incubating recombinant kinase with an oriented peptide library (22) . Of the 1451 phosphorylation sites, 615 (42%) matched with high confidence (within the top 1.5% of Scansite hit scores) to 25 of the kinase motifs (Fig. 2C ). More than a third of these phosphorylation sites (39%) are predicted to be targets of mitotic kinases: CDK1 [184 sites, subdivided into the CDK1 substrate subclasses identified by the Cdc2 (22), CDK1-1, and CDK1-2 motifs (15)], PLK1 (17 sites), AURKA (9 sites), AURKB (17 sites), and never in mitosis A (NIMA)-related protein kinase 2 (NEK2, 12 sites). To test whether any of the kinase motifs occurred more frequently in our set of mitotic protein complex phosphorylation sites than on average in the human proteome, we compared the frequency of these motifs in our data set with their frequency in the entire phosphoproteome as represented by the phosphorylation sites present in PhosphoSitePlus (19) . This comparison revealed that the frequency of phosphorylation sites that match the motifs of CDK1, CDK5, ERK1 (extracellular signal-regulated kinase 1), and PKA (protein kinase A) was higher in our data set than would be predicted by a random distribution in the human proteome (P < 0.01; fig. S2 ). Because the motifs of the proline-directed kinases CDK5 and ERK1 are similar to the motif recognized by CDK1 and because the PKA motif is similar to the motifs recognized by AURKA and AURKB, it is possible that the enrichment of the CDK5 and ERK1 motifs may be attributed to CDK1 activity, and the enrichment of the PKA motif may be attributed to the activity of AURKA and AURKB. These results indicate that most mitotic protein complexes are controlled by phosphorylation, in many cases through multiple phosphorylation events on a few subunits, and that many of these modifications are generated by mitosis-specific protein kinases.
Identification of phosphorylation sites sensitive to inhibitors of AURKB and PLK1 on 12 mitotic protein complexes
Although the analysis described above identified numerous phosphorylation sites, the analysis of the phosphorylation state of mitotic protein complexes remained incomplete because the average sequence coverage achieved in these experiments was only 38% per protein. Similar limitations apply to other large-scale phosphoproteomic studies in which similarly low sequence coverages have been obtained [see, for example, (11) ]. Therefore, we selected a subset of 24 baits for high sequence coverage MS analysis that are subunits of 12 protein complexes with wellestablished essential functions in mitosis. We chose these complexes because knowledge of their phosphorylation states might be particularly valuable for understanding the regulation of mitosis. This subset includes complexes with functions in the SAC; at the kinetochore, including MCC, APC/C, nuclear division cycle 80 (NDC80), minichromosome loss 12 (MIS12), and associated proteins; and in chromosome segregation (cohesin and condensin), as well as regulators of the mitotic spindle [g-tubulin ring complex (g-TuRC), centralspindlin] and the mitotic kinases CDK1, PLK1, and AURKB (see Table 1 for a full list).
We identified the phosphorylation sites on these complexes and determined which of these phosphorylation sites were mitosis-specific and which mitosis-specific sites were sensitive to treatment with an inhibitor of AURKB or of PLK1, thus which of these sites might be dependent on the activities of these kinases in mitotic cells. We synchronized HeLa cells in four different states: in interphase by harvesting them under conditions where they were proliferating with a logarithmic proliferation curve ("LOG"), in mitosis by arresting them in prometaphase with nocodazole ("NOC"), or in mitosis where either AURKB activity was inhibited by treatment of the mitotic cells with the small-molecule inhibitor Hesperadin ("Hesp") (16) or PLK1 activity was inhibited with a selective PLK1 inhibitor called BI 4834 ("BI"). In the Hesperadin experiments, cells were also treated with the proteasome inhibitor MG132 [N-(benzyloxycarbonyl)leucinylleucinylleucinal], because Hesperadin treatment would otherwise lead to rapid exit from mitosis (16) . To confirm that the treatment of cells with nocodazole, BI 4834, or Hesperadin produced cells synchronized in prometaphase, we analyzed protein extracts from these cell populations by immunoblotting (Fig. 3A) and measurement of histone H1 kinase activity (Fig. 3B) , which depends largely on CDK1 (23) . As predicted, these experiments revealed an electrophoretic mobility shift of the APC/C subunit CDC27 and increased histone H1 kinase activity in the three cell populations treated with nocodazole and showed that BI 4834 did not inactivate AURKB activity, as measured by immunoblotting with antibodies specific to the activated phosphorylated form of AURKB (AURKB pThr 232 ) and its substrate histone H3 (H3 pSer 10 ), whereas these two phosphoepitopes were not detected in Hesperadin-treated cells (Fig. 3A) .
For inhibition of PLK1, we used a novel small-molecule inhibitor, BI 4834, which is a dihydropteridinone derivative, similar in structure to BI 2536 ( fig. S3A ). This compound inhibits PLK1 [median inhibitory concentration (IC 50 ), 7.6 nM] with higher selectivity than it exhibits for the related enzyme PLK3 (IC 50 , 198.4 nM) , and this selectivity is greater than that of the previously characterized PLK1 inhibitor BI 2536 (24) . To address whether the cellular phenotypes caused by BI 4834 are consistent with selective PLK1 inhibition, we released HeLa cells from a thymidineinduced S-phase arrest into media containing increasing doses of BI 4834 and analyzed fixed cells by immunofluorescence microscopy. At S3G ). Western blot analysis revealed that BI 4834 treatment abolished the electrophoretic mobility shifts of budding uninhibited by benzimidazoles 1B (BUB1B) and CDC25C, which depend on PLK1 ( fig. S3H) (24, 26) . All of these observations are consistent with inactivation of PLK1, indicating that the cellular phenotype caused by BI 4834 is primarily the result of PLK1 inhibition.
We isolated all 24 baits and their interactors from cells cultured under four conditions (LOG, NOC, BI, and Hesp). The baits were purified from HeLa cells stably expressing the bait protein from a bacterial artificial chromosome (BAC), by using a localization and affinity purification (LAP) tag (27) for tandem affinity purification (TAP) (14, 28) , or in a few cases by immunoprecipitation with bait-specific antibodies. In some cases, mouse proteins were used as baits because HeLa cells containing the corresponding mouse BACs had previously been used to test the functionality of the LAP-tagged bait proteins in RNA interference (RNAi) "rescue" experiments (14, 28, 29) . Of each of the resulting 96 protein isolates, we analyzed a small fraction by SDS-PAGE (polyacrylamide gel electrophoresis) and silver staining to assess their purity, subjected the remainder to digestion with three different proteases, and identified phosphopeptides in each of the resulting 288 samples (Fig. 3, C and D) . This procedure resulted in a high sequence coverage for the bait proteins and their main interactors [on average 77% (Table 1) ] and in a total of 1183 phosphorylation sites. All phosphosites were validated by manual inspection of the corresponding MS spectra and were rated according to a quality score (see Materials and Methods and fig. S4 ). Spectra of poor quality (score 0) were excluded from the analysis. For 615 sites of high quality, the position of the phosphorylated residue could be determined unambiguously, and 457 of these sites were covered by peptides in all four experimental conditions (either in their phosphorylated or in their unphosphorylated form, depending on the experimental condition). Phosphorylation sites that were not covered in all four conditions were excluded from the subsequent comparison.
Of the 457 phosphorylation sites, only 21 sites were specifically phosphorylated in cells in interphase; the phosphorylated peptides covering these sites were only found in the LOG sample, whereas only unphosphorylated peptides covering these sites were found in the other three conditions. Conversely, 400 sites were found phosphorylated in mitotic cells (NOC, table S3). We analyzed these mitotic phosphorylation sites with the Scansite algorithm containing motifs of 32 kinases. Of the 400 sites, 300 matched to the PSSM of one of 24 protein kinases (Fig. 3E) . Similarly to what we found in the Scansite analysis of the large-scale interaction data set ( Fig. 2C) , one-third of all phosphorylation sites (34%) was predicted as targets of mitotic kinases, including PLK1 (16 sites, 5.3%) and AURKB (7 sites, 2.3%).
Because in this data set the sequence coverage of the analyzed protein complexes is higher than in the interaction data set (see Fig. 4 , A and B, for a representative purification), we wanted to test the observation that most complexes are hyperphosphorylated on only one or two of their subunits. The median phosphorylation site density was 1.4 sites per 100 amino acids To determine experimentally which of the 400 mitotic phosphorylation sites were dependent on PLK1 or AURKB in vivo, we compared which phosphorylation sites were lost in samples from cells treated with BI 4834 or Hesperadin. In BI 4834-treated cells, 96 phosphorylation sites on 35 proteins could not be detected, and treatment of cells with Hesperadin resulted in the absence of 74 sites on 32 proteins, even though the corresponding nonphosphorylated peptides were recovered in all cases. Between these two treatments, 54 phosphorylation sites were overlapping, suggesting that these were indirectly dependent on PLK1 and AURKB activity. We, thus, identified 42 phosphorylation sites in 25 proteins (14% of all mitotic sites) that were dependent only on PLK1 and 20 phosphorylation sites in 18 proteins (5% of all mitotic sites) that were dependent only on AURKB (see Fig. 4C for a graphical representation and Table 2 for a summary of all identified sites and proteins). Because we had treated the cells with kinase inhibitors for 2 hours, it is likely that some of the phosphorylation sites that we identified as kinase-dependent are not direct substrates of the inhibited kinases. To identify proteins that might be direct PLK1 or AURKB substrates, we used the newly developed PLK1 and AURKB PSSMs in Scansite (15) . Among the 42 experimentally determined BI 4834-sensitive sites were 11 residues (located on eight proteins) predicted by Scansite to be PLK1 targets ( Table 2 , sites in bold). Five of these proteins [NUP107, radiation-sensitive 21 (RAD21), stromal antigen 2 (STAG2), WAPAL, and ZWILCH] are previously unknown PLK1 substrates, whereas the other three [BUB1, BUB1B, and mitotic arrest deficient-like 1 (MAD1L1)] are known PLK1 substrates (26, 30, 31) . However, experimental evidence for the PLK1-dependent phosphorylation of these 11 sites had not been previously reported. Among the 20 Hesperadinsensitive sites were three residues (located on three proteins) predicted by Scansite to be AURKB targets ( Table 2 , sites in bold). One protein, RAD21, is a previously unknown AURKB substrate, whereas the other two [chromobox protein homolog 5 (CBX5), inner centromere protein (INCENP)] are known AURKB substrates (32) (33) (34) . Two of the three sites (on RAD21 and CBX5) were previously not known to depend on AURKB. The combination of the in silico Scansite predictions with our in vivo inhibitor results thus identifies one previously unknown, high-confidence substrate candidate for AURKB and five for PLK1.
Validation of selected phosphorylation sites by phosphospecific antibodies
Because our analysis of the dependence of phosphorylation sites on PLK1 and AURKB was, in part, based on negative evidence, the absence of phosphorylated peptides in certain experimental conditions, we generated phosphospecific antibodies to 13 of the identified phosphorylation sites. We used these antibodies to validate the MS data in immunoblotting experiments, using either whole-cell extracts or, in cases where the antibodies were not sensitive enough to detect their antigen in such extracts, immunoprecipitated proteins. We raised four antibodies to BI 4834-sensitive sites that had been identified on the cohesin subunits STAG2 (Ser 1261 ) and WAPAL (Ser 465 , Ser 528 , and Ser
1154
). Immunoblot analysis of cell extracts or WAPAL immunoprecipitates (Fig. 5A) confirmed that the phosphorylation of all four sites was inhibited by BI 4834. When STAG2 or WAPAL immunoprecipitates obtained from interphase cells were incubated with purified PLK1 and ATP (adenosine 5′-triphosphate), the phosphorylated forms of these proteins that were recognized by the corresponding phosphorylation-specific antibodies could be generated in vitro (Fig. 5B) , consistent with the possibility that these sites are direct substrates of PLK1. The Ser 1261 site on STAG2 and the Ser 465 site on WAPAL were also predicted by Scansite to be PLK1 targets; the in vitro kinase assays thus confirmed these in silico predictions. In the case of STAG2, immunofluorescence microscopy experiments further supported the notion that phosphorylation of Ser 1261 is mediated by PLK1, because the mitotic staining obtained with pSer 1261 antibodies was largely abolished by treatment of cells with BI 4834 (Fig. 5C) .
We also generated antibodies to ), and the condensin subunit non-SMC (structural maintenance of chromosomes) chromosome-associated protein D2 (NCAPD2). For NCAPD2, the position of the phosphorylated residue could not be unambiguously identified, and antibodies were, therefore, raised against both potential sites (Thr  1388 and Thr   1389 ). Immunoblot analysis of NUP85 purified by TAP of its interaction partner NUP107 and of INCENP in cell extracts (Fig. 5D) confirmed that the chosen phosphorylation sites on these proteins were sensitive to Hesperadin treatment, whereas no Hesperadin sensitivity could be observed when BUB1B immunoprecipitates were analyzed by immunoblotting with the corresponding phosphospecific antibodies. The two antibodies raised against sites on NCAPD2 could both recognize NCAPD2 in mitotic but not in interphase extracts (Fig. 5D) , consistent with the possibility that NCAPD2 can be phosphorylated on either Thr 1388 , Thr 1389 , or both, but these reactions were not decreased in cells treated with Hesperadin (for a summary of all results obtained with the phosphospecific antibodies, see Fig. 5E ).
Finally, we raised one antibody to a site on the cohesin subunit precocious dissociation of sisters 5A (PDS5A, residue Ser
1233
) that was mitosis-specific but not inhibited by either BI 4834 or Hesperadin, and to four sites on the cohesin subunits RAD21 (Ser ) that had been found in all experimental conditions. Immunoblot analysis of the corresponding immunoprecipitates confirmed that the PDS5A site was mitosis-specific and that the two sites on PDS5B were present in interphase and mitosis ( fig. S5A) . However, the two sites on RAD21 were found to be mitosis-specific and sensitive to BI 4834 treatment ( fig. S5, A and B) .
In summary, the MS data for four of the four tested BI 4834-sensitive sites, two of four Hesperadin-sensitive sites, one of one mitosis-specific site, and two of four unregulated sites, in total 9 of 13 sites, were confirmed by experiments with phosphospecific antibodies. In the remaining four cases, it is possible that the MS data were insufficient to determine the abundance change of these phosphorylation sites. These results indicate that most of the obtained MS data are reliable for a given phosphorylation site that is sensitive to BI 4834 or Hesperadin. Our MS experiments have, therefore, identified a large number of previously unknown candidate substrates of PLK1 and AURKB among human protein complexes essential for mitosis.
Data availability
These data complement the protein interaction study of Hutchins et al. (14) . Phosphosites from this study have been incorporated into the PhosphoSitePlus (http://www.phosphosite.org) (19) and Phospho.ELM (http://phospho.elm.eu.org) (35) databases. Interpreted phosphopeptide spectrum data are accessible through the PRoteomics IDEntifications database (PRIDE, http://www.ebi.ac.uk/pride/) (36) , and raw MS data files are available for download; see table S5 for details.
DISCUSSION
Oscillatory protein phosphorylation regulates the major phase transitions of the cell division cycle. The overall amount of phosphorylation is especially high during mitosis (37, 38) , and several large-scale studies have identified sets of phosphorylation sites present during mitosis (8, (11) (12) (13) 39) . These studies, although mostly performed on a "phosphoproteome" scale, are still far from complete due to the complexity and variance in protein abundance within the proteome (40) . Because phosphoproteomic studies usually rely on phosphopeptide enrichment, the information about the unphosphorylated proteins is lost, and it thus remains difficult to estimate the protein coverage in these studies. Here, we have taken a complementary approach to analyze mitotic phosphorylation within purified mitotic protein complexes. The much lower sample complexity allowed simultaneous analysis of phosphorylated and unphosphorylated peptides to obtain a measure of sequence coverage for each analyzed protein and protein complex. After the development of high-throughput tagging and protein purification for human cells within the MitoCheck project (14, 28), we have systematically analyzed 107 mitotic protein complexes for protein phosphorylation. We identified a set of 1451 phosphorylation sites on 89 complexes, indicating that most mitotic protein complexes become phosphorylated in mitosis.
This large data set on the phosphorylation of protein complexes allowed us to address how phosphorylation sites are distributed within protein complexes. We found that, in many cases, only one or two subunits carry most of the phosphorylation sites of the whole complex (Figs. 2B and 4C and Cytoscape file S1). This finding is consistent with phosphorylation site microscopy studies to be located on the backbone of the complex, forming the so-called "arc lamp" domain, and are suggested to control the positioning of the catalytic and regulatory subunits within the APC/C (43-46). We found that two of these TPR subunits, CDC23 and CDC27, had the highest number of phosphorylation events of any of the subunits of the complex (Fig. 4C and table S4 ), thus suggesting a mechanism by which TPR subunit phosphorylation might regulate APC/C activity during mitosis. Within the cohesin complex, the SMC subunits are thought to play an important structural role holding the sister chromatids together until the onset of anaphase, and the non-SMC subunits have been assigned several regulatory functions (47) . The non-SMC subunit WAPAL, for example, is required to remove cohesin from chromosome arms in early mitosis, counteracting the small cohesin subunit cell division cycle associated 5 [CDCA5, also known as sororin (48-50)]. We found that WAPAL was one of the highly phosphorylated cohesin subunits ( Fig. 4C and table S4), and it is thus possible that hyperphosphorylation of WAPAL in mitosis plays a role in the regulatory mechanism required to remove chromosome arm-bound cohesin. Identification of PLK1 as the major WAPAL kinase in our study further strengthens this hypothesis, because PLK1 inhibition leads to the accumulation of cohesin on chromosome arms in mitosis ( fig. S3G ) (24, (51) (52) (53) . Similar regulatory mechanisms could be at play in the NUP107-160 complex, in which NUP98 and NUP107 are phosphorylated to a much higher proportion than the remaining complex members ( Fig. 4C and table S4 ). The NUP98 subunit is positioned within the complex so that it is exposed to cytosol or nucleoplasm, depending on its localization, and is thus well accessible to protein kinases (54) . NUP98 phosphorylation by a number of NIMA-related kinases, but not by PLK1, leads to the disassembly of the nuclear pore complex at mitotic entry (55) . We found that the NUP107 subunit (but not NUP98) is a direct PLK1 target (Table 2 ). It will be important to test how PLK1-dependent phosphorylation of NUP107 influences possible functions of this complex, for example, at the kinetochore in prometaphase (56) where PLK1 is also located (5) . Further identification of hyperphosphorylated complex components that possibly serve as kinase regulatory "switchboards" of these complexes opens a way for studying the function of these phosphoregulatory mechanisms during mitotic progression in more detail. To predict which protein kinases are likely to target the identified phosphosites, we used the Scansite algorithm, which includes PSSMs for 32 kinases, including a set of PSSMs for several mitotic kinases (CDKs, PLK1, AURKA, AURKB, and NEK2) (15) . Comparison of the Scansite motifs matched to the sites within our data set with all phosphorylation sites present in the PhosphoSitePlus database (19) revealed not only strong enrichment of the CDK1 motif but also motif enrichment for other proline-directed kinases, such as CDK5 and ERK1. Although the PSSMs used identify minor differences between the CDK1, CDK5, and ERK1 motifs, they all share a strong requirement for proline at the −2 position and absolute requirement for proline at the +1 position (22, 57, 58) . Thus, it is possible that the sites that match the motifs for these nonmitotic kinases are CDK1-dependent sites.
R E S E A R C H R E S O U R C E
To assess the mitosis dependency of phosphorylation sites on mitotic complexes and to identify potential in vivo targets of major mitotic kinases that may be important for the regulation of these complexes, we carried out a high sequence coverage analysis of a subset of 12 complexes that comprises major regulators of mitotic chromosome segregation. In contrast to previous proteome-wide studies, this approach allowed a much more complete sequence coverage of the analyzed proteins and yielded many previously unidentified phosphorylation sites on well-studied complexes [compare, for example, the 124 APC/C phosphorylation sites we detected in this study with 59 (11), 71 (9) , and 45 sites (25, 42) that had been reported previously]. It will thus be important to expand such systematic high-coverage analyses to more protein complexes, because these data are likely to yield more informative results on specific subsets of protein complexes and their phosphorylation than previous "proteomescale" studies.
Small-molecule inhibitors have been used successfully for establishing the involvement of particular protein kinases in biological systems in cell biological experiments (59) . With the availability of potent and specific inhibitors of PLK1 and AURKB, we identified several sites that are dependent on PLK1 and AURKB [42 of 400 (11%) and 20 of 400 (5%), respectively]. The percentage of PLK1-dependent sites is lower than that reported in another analysis of the mitotic spindle phosphoproteome, where 18% of all sites were PLK1-dependent [698 of 3984 (13)]. One possibility for this discrepancy is that our nonquantitative MS approach might have missed some phosphorylation sites that were reduced but not completely dephosphorylated after inhibitor treatment. To assess the approximate number of false-negative identifications, we generated a panel of phosphospecific antibodies against sites classified as PLK1-dependent, AURKB-dependent, or independent of either or both of these kinases (Fig. 5  and fig. S5 ). Two phosphorylation sites on RAD21 (Ser  153 and Ser   175 ), which we had classified by MS as PLK1-independent, were PLK1-dependent in this Western blot analysis, suggesting that our approach might have missed several phosphorylation sites that are either only partially dependent on PLK1 or AURKB or that are not fully dephosphorylated after kinase inhibition. A second possibility why in our approach we identified relatively few PLK1-and AURKB-dependent sites is that we acutely inhibited these two kinases in cells that had already entered mitosis. This is in contrast to the study by Santamaria et al. (13) , where cells entered mitosis in the absence of active PLK1. The sites we identified as lost on complexes purified from inhibitor-treated cells must thus have been actively dephosphorylated by phosphatases. As our understanding of the substrate targeting and activity regulation of phosphatases at present lags behind that of kinases, a new generation of tools will be required to identify the phosphatases that act on PLK1-and AURKB-dependent phosphorylation sites.
Our experiments also revealed that of the eight kinase-dependent sites we tested using phosphospecific antibodies, two sites originally classified as AURKB-dependent (Ser 551 on BUB1B and Thr 1388/89 on NCAPD2) were not AURKB-dependent in Western blot analysis. These sites might have been misclassified because of the low abundance of the corresponding phosphopeptides. In the shotgun MS approach we applied, peptides are selected stochastically for identification; thus, low-abundance peptides have a higher chance of going undetected in complex mixtures of peptides. The targeted MS technique, single-reaction monitoring (SRM), would improve accuracy in the measurement of abundance changes. This is, however, at the cost of the need to select the peptides to be measured before the experiment, thus preventing unbiased sample analysis. Nevertheless, our approach likely identified a large number of true-positive PLK1 and AURKB targets, because 75% (6 of 8) of the phosphospecific antibodies confirmed that the phosphorylation sites identified as kinase sensitive by MS were dependent on PLK1 or AURKB.
Pharmacological kinase inhibition likely results in phosphorylation changes not only on direct targets but also on targets further downstream in the kinase-dependent signaling cascade. Because obtaining evidence for direct kinase-substrate relationships in vivo remains virtually impossible, we combined our in vivo analysis with Scansite predictions to identify direct targets of PLK1 and AURKB with high confidence. This led to the identification of new candidate direct substrates of PLK1 (RAD21, STAG2, WAPAL, ZWILCH, and NUP107) and AURKB (RAD21), two of which (pSer 1261 on STAG2 and pSer 465 on WAPAL) were phosphorylated on the experimentally identified and computationally predicted sites in in vitro kinase assays using recombinant PLK1.
Our study complements the phosphoproteome-wide approaches by an in-depth analysis of many key regulatory complexes and their phosphorylation patterns in mitosis. Because the present study was not designed to generate quantitative data on the stoichiometry of phosphorylation, nor to determine the consequences of phosphorylation (or absence of phosphorylation) at each site, detailed follow-up studies are required to determine the extents and regulatory effects of these phosphorylations on the protein complexes in question. Combination of the MitoCheck localization, interaction, and phosphorylation data [(14, 28) , this study], publicly accessible through the MitoCheck (http://www.mitocheck.org), PhosphoSitePlus (http://www.phosphosite.org), Phospho.ELM (http://phospho.elm.eu.org), and PRIDE (http://www.ebi.ac.uk/pride) databases, will serve as a resource for further research into the regulation of mitosis. This study shows that the MitoCheck-developed LAP-tagged cell lines allow identification of not only protein localization and protein interactors but also posttranslational modification in a high-throughput fashion. Because many more LAP-tagged proteins are becoming available (60), these cell lines will greatly facilitate systematic analyses of protein complexes regulating many important cellular processes, and our study lays the groundwork for further systematic studies on the phosphorylation of protein complexes.
MATERIALS AND METHODS
Cell culture
HeLa cells were cultured on ten 24-cm square cell culture trays, in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco/Invitrogen) plus 0.2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml) (all from Sigma-Aldrich). For transfected cell lines, the medium was supplemented with G418 (500 mg/ml) (Gibco). For Tet-On cell lines, the medium was supplemented with G418 (100 mg/ml) and hygromycin (200 or 400 mg/ml) for maintenance or selection, respectively.
Cell synchronization and harvesting
To obtain an interphase cell population, we harvested the cells while they were undergoing exponential growth and with a confluence of <90. For those baits (AURKB, CDCA5) whose protein concentrations are low in early interphase but higher in G 2 phase, the cells were harvested after a double-thymidine arrest and release procedure. In one case (PDS5B), the cells were arrested in S phase by inclusion of hydroxyurea in the growth medium for 18 hours. To obtain a cell population arrested in mitosis (prometaphase), we supplemented the culture media of exponentially growing cells with nocodazole at 100 mg/ml, and the cells were incubated for a further 18 hours before harvesting; these cells typically had a mitotic index (as judged by cell morphology) of ≥90%. To obtain cells arrested in mitosis but in which the activity of endogenous PLK1 was inhibited, we incubated nocodazole-treated cells for a further 2 hours with 250 nM BI 4834 (a gift from Boehringer Ingelheim, Vienna, Austria). To obtain cells arrested in mitosis but in which the activity of the endogenous AURKB was inhibited, we incubated nocodazole-arrested cells for a further 2 hours with 100 nM Hesperadin (a gift from Boehringer Ingelheim) plus 10 mM MG132 (Sigma-Aldrich). Cells were harvested by scraping into their medium, washed with ice-cold phosphate-buffered saline (PBS), snap-frozen in liquid nitrogen, and stored at −80°C until required.
Protein extract preparation
All steps were performed on ice or at 4°C. Frozen cell pellets were thawed and then resuspended in one pellet volume of extract buffer [20 mM trisHCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 20 mM b-glycerophosphate, 10 mM NaF, 10% glycerol, 0.1% NP-40, 1 mM okadaic acid (Alexis/Enzo Life Sciences), 0.2 mM Na 3 VO 4 , 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and protease inhibitor mix (leupeptin, pepstatin, and chymostatin, 10 mg/ml each)]. Cells were lysed with a Dounce homogenizer, and the crude extract was clarified by centrifugation at 14,000 rpm in a microfuge for 15 min. The protein concentration of the clarified extracts was estimated by the Bradford method (61) with reagents from Bio-Rad. For a given bait, for each of the different conditions, equal amounts of extract (by mass of protein) were used for the initial affinity purification step.
Affinity purification of protein complexes
Endogenous proteins were immunopurified with antibodies described in the antibody section. After immunoprecipitation with antibodies crosslinked with dimethyl pimelimidate (62) to Affi-Prep Protein A beads (Bio-Rad), purified complexes were washed extensively in 10× bead volume of IP buffer [extract buffer without phosphatase inhibitors (no b-glycerophosphate, NaF, okadaic acid, or Na 3 VO 4 )] for a total of 1 hour at 4°C. For mass spectrometric analysis, the last three washing steps were performed in IP buffer without detergent.
Purification of protein complexes with LAP-tagged baits was performed as described (28) . LAP lysis buffers additionally contained 1 mM okadaic acid and either BI 2536, BI 4834, or Hesperadin combined with MG132 when proteins were purified from inhibitor-treated cells. Purified proteins were eluted from beads with 0.2 M glycine (pH 2.0), and the eluate was neutralized by addition of 1 10 = volume of 1.5 M tris-HCl (pH 9.2). Affinity purification of condensin-I and condensin-II complexes was performed from HeLa cell lines expressing either NCAPH-GFP-FLAG (63) or NCAPH2-GFP-FLAG (64) fusion proteins, respectively. Agarose beads coupled to the M2 antibody recognizing FLAG (65) (Sigma-Aldrich) were washed three times with 150 mM KCl, three times with 0.2 M glycine (pH 2.0), and then three times with IP buffer. Extracts were prepared in LAP lysis buffer containing 1 mM okadaic acid and the relevant kinase inhibitors, as described above. Clarified extract was then mixed with 100 ml of FLAG M2 beads for 1 hour. The beads were pelleted, washed five times with LAP wash buffer (LAP lysis buffer with 0.05% NP-40 instead of 1% Triton X-100) supplemented with 1 mM okadaic acid, and then washed three times with 150 mM KCl. Purified proteins were eluted from the beads with one bed volume of 0.2 M glycine (pH 2.0) and the eluate was neutralized by addition of 1 10 = volume of 1.5 M tris-HCl (pH 9.2).
In-solution digestion of eluted phosphoprotein complexes
Eluted and neutralized protein samples were reduced, acetylated, and subjected to in-solution digestion with trypsin, chymotrypsin, subtilisin, or Glu-C, as described previously (25) . About equal amounts of digested peptide mixtures were analyzed by MS.
MS analysis
All nano-HPLC (high-performance liquid chromatography) separations were performed with an UltiMate 3000 Nano-LC system (Dionex Benelux) equipped with a trap column [PepMap C18, 300-mm inside diameter (ID) × 5-mm length, 3-mm particle size, 100 Å pore size, Dionex] for sample desalting and concentration and an analytical column (PepMap C18, 75-mm ID × 150-mm length, 3-mm particle size, 100 Å pore size, Dionex) for the chromatographic separation. The loading buffer used contained 0.1% trifluoroacetic acid (Pierce/Thermo Scientific). For chromatographic separation, mobile phase A contained 5% acetonitrile (Merck) and 0.1% formic acid (Merck), and mobile phase B contained 80% acetonitrile and 0.08% formic acid. MS analyses were conducted on a hybrid linear ion trap/Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (LTQ-FT Ultra, Thermo Fisher Scientific) with a 7-T superconducting magnet, except for samples derived from NCAPH and NCAPH2 baits, which were analyzed on a 4000 QTRAP mass spectrometer (Applied Biosystems). Mass spectrometers were equipped with a nanoelectrospray ionization (ESI) source (Proxeon Biosystems). Metal-coated nano-ESI needles were used (New Objective). Samples were loaded onto the trap column at a flow rate of 20 ml/min loading buffer and washed for 10 min. Afterward, the sample was eluted from the trap column and separated on the separation column with a gradient from 20 to 50% mobile phase B in 180 min at a flow rate of 300 nl/min.
Peptides eluting from the HPLC were ionized by ESI with a spray voltage set to 1.5 kV. Full-scan measurements [mass/charge ratio (m/z) range, 400 to 1800] were conducted in the ICR cell, yielding a survey scan with resolution of 100,000 and a typical mass accuracy of <2 parts per million (ppm). Collision-induced dissociation (CAD) fragmentation and spectrum acquisition were carried out in the linear ion trap with a multistage activation (MSA) method (66) . The target values of the automatic gain control were set to 10,000 for CAD in the ion trap and to 500,000 for FT-ICR fullscan spectra. Fragmentation was performed on the five most intense signals of the survey scan with MSA of the neutral loss of phosphoric acid. Singly charged ions were excluded for precursor selection, and precursors of MS 2 spectra acquired in previous scans were excluded for further fragmentation for a period of 3 min, whereas the exclusion mass tolerance was set to 5 ppm.
Phosphopeptide identification and manual evaluation
MS raw data files were submitted for database searching with the Mascot program (Matrix Science) (17) running on a local computing cluster. For peptide identification, we used a custom sequence database of mouse baits and proteome-wide human proteins as previously described (14) . The following parameters were used for the database search: Carboxymethylation (+58.0055 u) of cysteine was set as fixed, and oxidation (+15.9949 u) of methionine and phosphorylation (+79.966331 u) as variable modification; enzymatic cleavage was specified as trypsin, chymotrypsin, or no specificity (for subtilisin digests). Mass tolerances of the parent ion and the fragments were set to 10 ppm and 0.80 dalton, respectively. Unphosphorylated peptides with a Mascot score greater than 20 were kept and used to calculate the sequence coverage of detected proteins after combining all parallel digests (usually trypsin, chymotrypsin, and subtilisin). The result of the Mascot database search for each MS run was exported from the Mascot server as a spreadsheet file in xml format.
After the analysis of phosphorylation sites in the mitotic interaction data set, the relevant Mascot MS data were processed with the Ascore algorithm (18) to provide an additional quality control of the quality of the spectrum-phosphopeptide match.
After Mascot database search of the four-condition data set, for each peptide that Mascot predicted to contain one or more phosphorylated residues, the corresponding MSA spectrum was manually inspected and rated by a single skilled MS data analyst, on a score from 0 to 3, with the criteria described in fig. S4 . For each manually rated phosphopeptide, the positions of phosphorylation were indicated within the peptide sequence with the following notation (example given for serine residues): S# represents a phosphorylated residue at a certain position; S% represents one possible position at which a residue may be phosphorylated (the spectrum provides insufficient information to be sure).
Phosphorylation data set processing
For the four-condition data set, after Mascot database search and manual rating, the total complement of peptide and phosphopeptide data from all experimental conditions was compiled into a custom database. This allowed the following filters to be applied for each experimental condition: First, where multiple phosphopeptides with identical sequence (and annotation of phosphorylated residues) were present, only the highest-rated ones were kept. Second, where peptides (modified or unmodified) with identical sequence (and annotation of phosphorylated residues, where applicable) were present, only the one with the highest Mascot ions score was kept.
For each bait, the set of sequences of identified peptides (modified or unmodified) was mapped to protein entries in the Ensembl (67) database and used to identify the corresponding Ensembl gene entries, as previously described (14) . Peptides mapping to the set of genes defined by our previous analysis (14) as "contaminant" or "background" proteins were identified and removed.
Phosphosite interpretation
Phosphorylation sites that could not be unambiguously assigned to a single residue were not used further. Unambiguous phosphorylation sites from all four cell cycle conditions were compared: interphase (LOG), mitosis (NOC), mitosis + PLK1 inhibition (BI), and mitosis + AURKB inhibition (Hesp). For each cell cycle state, the phosphorylation site could be either present (P), absent with an unmodified peptide covering the site (N), or absent with no peptide covering the site (nd). We considered only sites that were covered by N, P, or both in all four conditions.
Antibodies
Phosphospecific antibodies (listed in Fig. 5E ) were raised against 8-to 13-mer synthetic peptides (generated in-house with fluorenylmethyloxycarbonyl chemistry) in rabbits and affinity-purified as described (25) . The lab internal accession numbers are as follows (the first number corresponds to those shown in Secondary antibodies used for Western blotting were antibodies recognizing mouse, rabbit, or goat coupled to horseradish peroxidase (HRP); for immunofluorescence, Alexa 488-, Alexa 568-, and Alexa 633-labeled secondary antibodies were used (Molecular Probes/Invitrogen).
In vitro kinase assays
WAPAL and STAG2 were immunopurified as described above. In vitro phosphorylation was performed as described (25) with 10 mM ATP and recombinant 6×His-tagged PLK1. Recombinant human PLK1 was expressed as a 6×His-tagged fusion protein with a baculoviral expression system and purified by affinity chromatography with nickel-nitrilotriacetic R E S E A R C H R E S O U R C E P]ATP into histone H1 was assayed as described (73) . Duplicate measurements were performed twice, and then mean and SD values were calculated. The Bradford method (61) was used to determine the concentration of protein in HeLa cell extracts, and this was used to calculate specific kinase activities (picomoles phosphate incorporated per minute per microgram of extract).
Immunofluorescence microscopy
Cells were grown on coverslips and fixed with 4% formaldehyde in PBS at room temperature or with methanol at −20°C for 15 min. RAD21-9×MYC cells were centrifuged onto slides (Cytospin, Thermo Scientific), extracted with 0.5% Triton X-100 in PBS for 2 min, and fixed with 4% formaldehyde in PBS (41) . After fixation, samples were permeabilized with 0.5% Triton X-100 in PBS for 15 min and thereafter blocked with 10% fetal calf serum in PBS containing 0.01% Triton X-100. Coverslips were incubated for 1 hour each at room temperature with primary and secondary antibodies (at 2 mg/ml in 3% bovine serum albumin in PBS containing 0.01% Triton X-100), DNA was counterstained with Hoechst 33342, and samples were mounted with either ProLong Gold (Molecular Probes/Invitrogen) or VECTASHIELD Mounting Medium (H1000, Vector Laboratories) onto slides. Image acquisition was performed as described (74), or (for BI 4834 characterization) images were taken on a Zeiss Axioplan 2 microscope with a 100× Plan-Apochromat objective lens (Carl Zeiss) and equipped with a CoolSnap HQ charge-coupled device camera (Photometrics). For signal intensity quantification, images were acquired as raw 12-bit files captured at identical exposure times within each experiment. Images were processed with ImageJ software (http:// rsb.info.nih.gov/ij/) (75) . Images shown in the same panel have been scaled identically.
For quantification of TUBG1 intensities, a circular region with a fixed diameter was measured on the centrosome and a same-sized region was also measured in the cytoplasm. After the background outside the cells was subtracted, the ratio of these values was calculated and the average and SD of these measurements were plotted. For each measurement, at least 40 centrosomes in 20 cells were quantified. Mitotic phenotypes were classified on the basis of the staining pattern produced by 4′,6-diamidino-2-phenylindole (DAPI) and TUBA1B antibodies; for each measurement, 100 cells were counted.
Scansite and statistical analyses
Scansite predicts potential target sites for a protein kinase by scanning through a set of protein sequences, evaluating for each Ser, Thr, or Tyr residue the match between its surrounding sequence and the preferred amino acids in each position relative to the target site, as represented by a PSSM (20, 21) .
We established an automated computing workflow enabling the Scansite algorithm, running on a local server, to scan a large set of input protein sequences, using multiple PSSMs in succession. This approach was used to predict which kinases may target particular Ser, Thr, or Tyr residues among the set of protein sequences in which phosphosites were identified by MS. Each match between a PSSM and a Ser, Thr, or Tyr residue and its surrounding sequence is given a score (the "Scansite score") and is assigned a percentile. The percentile is based on the position of the Scansite score in the empiric score distribution derived from a reference data set. Because the phosphosites in our data set are recorded as positions relative to protein entries from the Ensembl database (http://www.ensembl. org) (67), a complete set of Ensembl human and mouse protein sequences was used as the reference data set. We considered Scansite hits within the 5, ≤1.5, and ≤0.2% as "low," "medium," and "high" stringency, respectively. We only included hits of high or medium stringency in the analytical outputs.
Statistical analyses were performed to determine whether the number of Scansite hits matching MS-derived phosphosites was significantly greater than that which we would expect on the basis of the known distribution of phosphosites in the human proteome. The number of matches of Scansite hits to phosphosites recorded in the PhosphoSitePlus database (http://www.phosphosite.org) (19) was determined. For each kinase motif, a Bonferroni-corrected Fisher's exact test (76) was used to calculate the probability (P value) that our set of MS-identified phosphosites would have been found at the same frequency by chance alone. To make the reporting of P values (which vary across an exponential range) more manageable, they were expressed as a probability score, equal to −log 10 (P). Kinase motifs with a probability score of 2 or greater (where the corrected probability of a random match was 1 in 100 or lower) were considered significant.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/198/rs12/DC1 Fig. S1 . Visualization of phosphosites within the human mitotic interaction network with Cytoscape. Fig. S2 . Statistical analysis of the frequency of occurrence of kinase motifs matching phosphosites in the mitotic interaction data set. Table S1 . List of all detected phosphorylation sites in the interaction data set, including Scansite matches and Ascores. Table S2 . List of sequence coverages for the proteins analyzed in the interaction data set, including phosphorylation site densities in percent. Table S3 . List of all detected phosphorylation sites in the four-condition data set, including Scansite matches. Table S4 . List of sequence coverages for the proteins analyzed in the four-condition set, including phosphorylation site densities in percent. Table S5 . Access to experimental and RAW file data. Cytoscape file S1. Interaction data set, including information on cluster membership, number of phosphorylation sites, phosphorylation site density in percent, and protein sequence coverage.
